Abstract-Driver circuits for inductively coupled systems such as wireless charging and RFID are more efficient if a high Q factor can be achieved but this requires tuning to compensate for component tolerances and environmental influences. Any tuning system used must be able to handle potentially large voltages at resonance as well as achieving precise tuning. In this paper, we describe the use of a low loss fractional capacitance tuning based on synchronous switching at zero voltage instants, which has the advantages of continuous adjustment and low component and pin count overhead for the controller circuitry. Methods for generating suitable timing signals are presented and the practical trade-offs between tuning range and switch breakdown voltage are analysed. Results are compared with theory for a 125kHz antenna system, as typically used for wireless charging or automotive immobiliser applications.
INTRODUCTION
Inductively coupled systems require large oscillating magnetic fields in order to transfer as much power as possible from the transmitter to the receiver. Since the magnetic field strength is directly proportional to inductor current, the current must be maximised, and resonant Inductor-Capacitor (LC) circuits are usually used as per figure 1. When the drive voltage frequency is set to the resonant frequency of the LC circuit, the inductor current is in phase with the drive voltage and the magnitude of the current is given by (1) . For a given inductor current, lower resistive losses mean that a lower drive voltage amplitude may be used, permitting the usage of high efficiency low voltage power supplies. For a given inductor reactance, smaller resistive losses in the LC circuit result in higher quality (Q) factor but also in narrower bandwidth (2) . Not only does a high Q factor facilitate larger magnetic fields, the consequent narrow bandwidth will attenuate harmonics of the drive voltage which may be created by a non-sinusoidal waveform. This permits the usage of efficient switched-mode drivers, reducing the overall losses in the transmitter by removing the need for linear amplifiers.
High Q LC circuits are also preferable for the receiver, as the Q factor has a multiplicative effect on the capacitor voltage V c. reducing the need for complex charge pumps and voltage regulation circuits, making the receiver more efficient. At resonance, the magnitude of V c is determined by (3) .
High Q factors pose problems however for manufacturing in terms of accurately tuning the antenna inductors to the operating frequency at both ends of the link. Due to the typically severe cost constraints in terms of size, complexity and available power, the receiver LC circuit is often run with only a moderate Q factor to give acceptable tuning accuracy with normal component tolerances and environmental detuning effects. However, to achieve a reasonable link efficiency it is still important to operate the transmitter with a high Q. The ability to tune the transmitter LC circuit to compensate for detuning is therefore crucial in creating an effective inductive power transfer link.
Presently, tuning of large signal LC circuits is usually achieved by means of selectable capacitors, requiring multiple control lines and switches, increasing the size and cost of the tuning system. This paper presents a method for accurate tuning control with low losses for high Q using a single additional capacitor, reducing the cost of tuning LC circuits. The proposed method is continuous over a wide frequency range, and does not incur any significant energy losses so that the operating Q factor is maintained.
II. EXISITING LARGE SIGNAL TUNING METHODS
In order to ensure that LC circuits can be driven precisely at resonance, one must compensate for detuning caused by both environmental and manufacturing tolerances, where the latter in particular is very hard to predict or control.
A.
Static Tuning Methods
In order to modify the resonant frequency of an LC circuit, it is more common for cost reasons to adjust the capacitance. Varactors, for instance, may be used to provide a voltagecontrolled capacitance; however these are only suitable for small amplitudes, and are therefore not suitable to LC circuits for wireless power transfer [1] . A more practical method of capacitance adjustment circuits for large signals is by means of a bank of selectable tuning capacitors, typically binaryweighted in value as per figure 2. A combination of capacitors is selected in parallel with a fixed capacitance to resonate with the inductor [2] , [3] . The resonant condition must also be detected, which can be done by means of an amplitude measurement and adjustment of the tuning selection setting to increase or decrease the resonant frequency. Although easy to implement, this method has a tuning resolution and range limited by the selection of capacitors. Consider a system with a target Q = 100 at 125kHz, and a requirement that the inductor current does not fall below 95% of the maximum. Let us also assume tolerances and environmental effects can accumulate to ±20% from nominal values. The maximum allowable deviation in effective resonant frequency in operations is approximately 200Hz, requiring an incremental tuning capacitance resolution of approximately 0.32% of the nominal capacitance. To achieve the specifications, a binary-weighted implementation requires 8 tuning capacitors, each one needing a switch that is adequately rated to withstand the potentially large magnitude of V c , which translates to significantly higher costs for both integrated and discrete implementations.
B.
Dynamic Tuning Methods LC circuits may instead be tuned by dynamically modifying the resonant frequency, i.e. switching a reactive component in and out of the circuit in a periodic fashion to create an average modified resonant frequency. One such system is presented in [4] , wherein an auxiliary inductor L2 is periodically switched in parallel with L1 for a defined part of each half cycle. The proportion of each cycle during which the connection is made is varied by delaying the connection after the zero current condition, using the topology in figure 3 .
This can work well for a receiver, but in the context of a high Q transmitter, the switched inductor circuit is not ideal, as some of the LC circuit current is passed through the tuning inductor and not the power transmission inductor. Hence, the average radiated magnetic field strength is reduced, even though the circuit may be resonating. Furthermore, periodic modification of the current waveform means that it is not sinusoidal, and therefore must occupy a wider bandwidth than a pure sinusoid. The radiated magnetic field will hence consume additional spectrum and may exist outside the permitted bandwidth. Another dynamic tuning method is presented in [5] , wherein a capacitor is periodically switched in parallel with an LC circuit as per figure 4. Operation is again based on the principle of creating an average modified resonant frequency by adding and removing a fixed capacitance to the LC circuit.
No explicit timings are provided in [5] for optimal operation of this topology. If the switch is closed when there is significant voltage across it, there will be a large transient current in it. This will result in additional dissipation and hence a reduction in the Q factor. In the context of effective wireless power transmission, it is clear that more suitable timings must be employed. 
III. ZERO-VOLTAGE SWITCHING OF FRACTIONAL CAPACITANCE

A. Method and Advantages of Zero-Voltage Switching
So that the architecture in figure 4 will operate without such transient losses, the switch must be closed when the voltage v sw (t) is exactly zero.
Although the resonant frequency is being modified on both excursions of v c (t), the synchronous zero-voltage switching action means that the oscillatory current in the inductor is not disrupted or diverted, and hence the magnetic field strength is therefore maintained.
Another advantage of this tuning method is that the inductance is held constant and the current waveform is continuous. The peak energy stored in the inductor remains unchanged by the zero-voltage switching action, hence the Q factor is not materially altered. Hence, if a high Q factor is used, the current in the inductor will be essentially sinusoidal despite the continuous modification of the resonant frequency. To generate the in-phase signals for the tank drive and switching action, a symmetrical circuit using a DC reference and triangular waveform can be used as per figure 5 . The switching action of the tuning capacitor is controlled by comparing the triangular waveform with symmetrical DC "slicing" references, V tune+ and V tune-. To increase the modified resonant frequency, the DC slicing voltages should be moved towards the middle of the triangular wave, keeping the capacitor switch open for a greater proportion of the cycle.
Crucially, the opening and closing of the capacitor switch is symmetrical around the peaks and troughs of v c (t), meaning that the excursions of v sw (t) will start and finish at zero volts.
B. Available Tuning Range with Zero-Voltage Swtiching
The overall modified resonant frequency as a function of this tuning scheme can be calculated by extrapolating the duration of one quadrant of one period of oscillation, since the capacitor switching action has been defined to be symmetrical. Initially, the circuit operates with the capacitor switch closed. The inductor current i(t) increases in a sinusoidal fashion at frequency  min until time instance t c , where the switch is opened.
At the moment the switching action occurs, a new resonant system is created, using the final value of the previous system as the initial condition. The new time domain system response can therefore be given as per (4) .  max is the upper resonant frequency, created by the removal of C 2 from the circuit. Hence, by adjusting the phase angle of the switching action  c , it is possible to tune to any frequency between  min and  max , which the designer may set by choosing L, C 1 and C 2 . To compensate for ±20% tolerances in the components, the condition C 1 = C 2 , may be set, providing a tune range of Due to high Q factor, V c may be large even with modest excitation amplitudes. The voltage V sw may therefore also be very large. As  c is decreased, the amplitude of V sw increases, since it tracks the waveform v c (t) for a greater proportion of the cycle. As is well known, for a given size (and hence cost) device, the on-resistance of MOS switches is closely related to the maximum operating voltage. If a wider tuning range is available, then greater tolerances can be allowed in the capacitors and inductor of the resonant circuit. A narrower tuning range, however, reduces the peak voltage present on the switch, allowing the use of lower cost semiconductor processes. Figure 6 shows the block diagram of a discrete system used to implement zero-voltage switching in the 125kHz band. A Q factor of approximately 16 was used by means of an aircored 134uH air-core inductor. C 1 and C 2 were set to approximately 6.3nF. A pair of power MOSFETs was used to provide a low-resistance tank driver, adding a parasitic fixed capacitance of approximately 1nF to the LC tank. The drive amplitude was adjusted in order to prevent V sw from becoming excessive. The capacitor switch was implemented with a CMOS transmission gate IC ADG452. The method is suitable for use in high Q LC circuits for wireless power applications, as it maintains inductor current whilst modifying the resonant frequency. A wide tuning range is possible using the proposed method with the addition of a single switched capacitor to the LC circuit, making it attractive from a cost and size perspective. The timing signals needed for optimising losses are easily generated, and there is wide flexibility in the design to trade breakdown and cost of components with tuning range. The system may be used to account for manufacturing tolerances as well as for the large environmental effects on the magnetic components seen when a system is in use. The method has been demonstrated using a discrete component implementation at 125kHz, which shows the smooth tuning properties applied to a typical operating range.
C. Discrete componentent implementation
